Biomass gasification processes are more commonly integrated to gas turbine based combined heat and power (CHP) generation systems. However, efficiency can be greatly enhanced by the use of more advanced power generation technology such as solid oxide fuel cells (SOFC). The key objective of this work is to develop systematic site-wide process integration strategies, based on detailed process simulation in Aspen Plus, in view to improve heat recovery including waste heat, energy efficiency and cleaner operation, of biomass gasification fuel cell (BGFC) systems. The BGFC system considers integration of the exhaust gas as a source of steam and unreacted fuel from the SOFC to the steam gasifier, utilising biomass volatalised gases and tars, which is separately carried out from the combustion of the remaining char of the biomass in the presence of depleted air from the SOFC. The high grade process heat is utilised into direct heating of the process streams, e.g. heating of the syngas feed to the SOFC after cooling, condensation and ultra-cleaning with the Rectisol ® process, using the hot product gas from the steam gasifier and heating of air to the SOFC using exhaust gas from the char combustor. The medium to low grade process heat is extracted into excess steam and hot water generation from the BGFC site. This study presents a comprehensive comparison of energetic and emission performances between BGFC and biomass gasification combined cycle (BGCC) systems, based on a 4 th generation biomass waste resource, straws. The former integrated system provides as much as twice the power, than the latter. Furthermore, the performance of the integrated BGFC system is thoroughly analysed for a range of power generations, ~100-997 kW. Increasing power generation from a BGFC system decreases its power generation efficiency (69-63%), while increasing CHP generation efficiency (80-85%).
Introduction
Gasification of biomass waste has an important role to play in providing renewable energy to a broad range of sectors. Schemes can be applied to community or district level energy supply from a few dwellings to citywide networks as well as to industrial sectors, as illustrated in the micro-generation manifesto, published by Green Alliance. Due to the localized availability of the biomass wastes, distributed CHP generation is an appropriate choice for end-use applications. Most of the biomass gasifiers operating for power generation today are combined either with gas engine or with gas turbine based combined cycles. The energy efficiency of a biomass gasification site can be greatly enhanced if coupled with high efficiency power generation systems, such as solid oxide fuel cell (SOFC). While biomass gasification combined cycle (BGCC) is a proven technology (Bridgwater et al., 2002; Craig and Mann, 1996) , a fully integrated biomass gasification fuel cell (BGFC) is yet to be established. Panopoulos et al. (2006) had studied the integration between an allothermal biomass gasifier and a SOFC, both operating at an atmospheric pressure, for small scale CHP generation, which was assessed by modelling in Aspen Plus process simulation software. The gasifier consisted of two fluidised bed reactors. The secondary gasification fluidised bed supplying heat to the primary gasification reactor, is fed with SOFC depleted off gases, un-reacted gasification char and additional biomass if required. Their integration study had analysed the lay out of heat pipes required for the thermal coupling between the two fluidised beds. A moderate level of electrical efficiency, 36%, was obtained, comparable to a BGCC system. Henceforth, there was no added advantage of replacing relatively low cost turbines with expensive, but high efficiency SOFC technologies. The thermal efficiency was at 14%. Nevertheless, electrical efficiency obtained is within a range as expected from a lower-cost BGCC system. Additionally, such a small scale CHP would have limited applications to residential installations, while an integrated BGFC system can also be applied to large scale district level generation of electricity and heat. Thus, there is a research need to achieve even higher efficiency and a greater consensus of such systems, for small scale as well as large scale biomass-to-CHP applications.
In order to achieve highly efficient BGFC system designs for a wide range of applications, overall heat and water integrated, energy efficient and cleaner process designs need to be developed, which is the main aim of this paper. Till date, no detailed and systematic analysis of material and energy flow pathways has been presented for overall integration and enhancement of efficiency of such systems. This study has also presented a comparison of energetic efficiency between newly developed highly efficient BGFC and more established BGCC systems.
SOFCs have the potential to become an energy technology in the UK and worldwide, due to their inherently clean and efficient operation. The SOFC can be used for community / district level generation of electricity and heat, e.g. a few hundred kilowatts to 1 megawatt of electricity, as well as in residential installations for around 1 kW of electricity generation, studied by Energy Saving Trust (community-heating-and-CHP) and the Office of Public Sector Information (OPSI) of the UK. Based on the green electrochemical principles, SOFCs work on reverse electrolysis process, oxidizing gaseous fuels such as hydrogen, syngas, etc. in the anode in the presence of an oxidant (air) in the cathode. Significant integration synergies in terms of process operating conditions and material and heat exchange, such as follows, may also exist between SOFC and biomass gasification processes, which could enhance the overall BGFC plant efficiency.
Operating conditions: Both gasifiers and SOFCs operate effectively at elevated temperatures of around 500-1000 o C and can be operated at atmospheric as well as elevated pressures. The SOFC for higher power generation can be operated at a higher pressure than atmosphere (e.g. 10 kW of power generation from a SOFC system operating at 3.5 bar pressure, Cresswell and Metcalfe, 2006) , while pressurised gasifiers are a commonplace (Bridgwater et al., 2002; Craig and Mann, 1996) . This provides opportunities for process integration.
Material integration: The nitrogen rich depleted air and exhaust gas from a SOFC are a good source of high temperature oxygen and steam, the two essential oxidising agents used in gasification processes. The BGFC system considers integration between the exhaust gas as a source of steam and unreacted fuel from the SOFC and the steam gasifier, utilising biomass volatalised gases and tars, which is separately carried out from the combustion of the remaining char of the biomass in the presence of depleted air from the SOFC. Additionally, the SOFC has fuel flexibility, in which hydrogen, hydrocarbons and syngas can be used as feedstocks in principle. Even greater environmental benefits can be gained if gaseous fuels, such as syngas, which is a good source of renewable hydrogen, from biomass waste can be used as a fuel to the SOFC (Energy Saving Trust, community-heating-and-CHP).
Heat integration: To maximise the heat recovery from the product gas from the gasification process, a hot gas clean up strategy, followed by low temperature heat recovery via condensation of the gas below its dew point can be adopted. This leaves the gas dry and high in heating value, and hence ideal as a feed to the SOFC. The cold and dry product gas after ultra-cleaning to a trace level removal of contaminants discussed later, can itself be used to extract the heat from the hot syngas generating from the gasifier, before entering to the SOFC. Preheating the syngas and air fed to the SOFC to thermodynamically maximum achievable temperatures ensures maximum power generation efficiency from the SOFC. Preheating of feed gases facilitates endothermic reforming reactions and increases the net exothermic heat generation (due to combustion) from the SOFC. There are several other high temperature heat sources, such as exit gases from the SOFC. The excess heat from a highly integrated BGFC site can be recovered into high pressure superheated steam, which can further be utilised into additional power generation from the site.
In addition to the process integration challenges that exist between biomass gasification and SOFCs, a major hindrance to the commercialisation of a BGFC system is the stringent tolerance limits on the contaminants required for the SOFC feedstock (Panopoulos et al., 2006) . The most common contaminant in the syngas feed to a SOFC is H 2 S which originates from the raw materials used in gasification. It acts as a poison to the reforming and anode catalysts used in the SOFC. A tolerance limit as stringent as 0.1 ppm for H 2 S in the SOFC feedstock has been reported to ensure thousands of hours of trouble free operation (Newby et al., 2001 ). The BGFC technologies in this work are developed based on a stringent biomass resource, straw (Kuramochi et al., 2005; Shen et al. 2008) , hence they are expected to perform efficiently for similar or good quality biomass resource, such as (waste) wood. The Rectisol ® technology developed by Lurgi that uses refrigerated methanol as the solvent for physical absorption / removal of undesired contaminants producing ultra-clean syngas is widely used in coal gasification plants (Koss and Meyer, 2002) . Rectisol ® provides an excellent option for co-removal of a number of contaminants including H 2 S, COS, HCN, NH 3 , nickel and iron carbonyls, mercaptans, naphthalene, organic sulphides, etc. to a trace level (for e.g. H 2 S to less than 0.1 ppm by volume), using one integrated plant, from stringent resources, like coal. Nearly each of the coal gasification units for the production of hydrogen or hydrogen rich gases and syngas with hydrogen and carbon monoxide as major constituents is equipped with a Rectisol ® gas purification system. Because of the increasing use of biomass gasification technology in the face growing interest for chemical production, such as synthesis of ammonia, methanol, Fisher Tropsch liquids, oxo-alcohols, and gaseous products such as hydrogen, syngas, reduction gas and town gas, a steep increase in the application of Rectisol ® processes is expected. A Rectisol ® process needs to be integrated to a low temperature fuel gas, such that minimum cooling is needed to attain the required refrigeration for the Rectisol ® process.
This paper takes the technological challenges into account in the development of novel process integration strategies for the deployment of a fully integrated BGFC plant using a 4 th generation agricultural waste feedstock, straws, as the test case. The methodology comprises process simulation and heat integration of BGFC and BGCC systems in Aspen Plus, and electrochemical modelling to predict the power output from SOFC, illustrated in the following section. The results in terms of a comparison of the energetic, emission and performances between BGCC and BGFC systems are discussed in section 3. Important observations are summarised in section 4.
Methodology

Process integration strategies
There are significant synergies for simultaneous heat and material integration between the gasification and the SOFC systems, illustrated in Fig. 1 , as follows.
Fig. 1
1) Design of the gasifier: The gasification process under consideration consists of two interconnected fluidised beds, a char combustor, combusting char in the presence of air, and a steam gasifier, gasifying biomass volatilised gases and tars (Shen et al., 2008) . 'Direct contact between the gasification and combustion processes is avoided; the gasification-required heat is achieved by means of the circulation of bed particles. It is in a loop with end-to-end configuration composed of a circulating fluidized bed as a combustor, a cyclone, and a bubbling fluidized bed as a gasifier.' (Shen et al., 2008) This scheme avoids dilution of the resulting syngas with nitrogen whilst avoiding the use of an oxygen plant (air separation unit) for supplying pure oxygen to the gasifier. Panopoulos et al. (2006) have proposed a biomass allothermal fluidised bed gasifier comprising steam gasifier, tar cracker and combustor, operating at around 800 o C to produce a medium calorific value gas mixture, rich in H 2 , CO, and CH 4 , which are fuel species for SOFC. These schemes avoid dilution of the product gas with nitrogen whilst avoiding the use of an oxygen plant (air separation unit) for supplying pure oxygen to the gasifier. In view of the thoroughness of mixing and good gas-solid contact, the use of fluidised bed gasifiers is a commonplace (Craig and Mann, 1996) . These designs have various advantages, such as relatively simple construction, greater tolerance to particle size range than fixed beds, good temperature control and high reaction rates, high carbon conversion, high specific capacity, high conversion efficiency, limited turndown and very good scale-up potential. In addition, only the fluid bed configurations are being considered in biomass applications that generate in a range and over 1 MWe (Overend and Rivard, 1993; Palonen et al., 1995) . Atmospheric circulating fluid bed suppliers include TPS, Foster Wheeler, Battelle and Lurgi. Foster Wheeler has also developed a pressurised circulating fluid bed system.
2) Integration of syngas: The syngas rich in hydrogen and carbon monoxide from the steam gasifier, followed by cooling-condensation and ultra-cleaning using Rectisol ® , is an excellent feedstock to the SOFC.
3) Syngas cleaning and heat recovery: The hot product gas clean-up and cooling comprise hot gas filtration for a removal of particulates, cooling or heat recovery and cleaning of contaminants to a trace level using the Rectisol ® technology. The particulate-free hot gas is cooled down to preheat clean and dry syngas feed to the SOFC and to further generate superheated steam. These two heat recovery exercises can be done in parallel or series or combined within one heat exchanger unit. However, the hot gas coolers inherently require high maintenance, thus, introducing further complexity in the operation and maintenance in the latter case. Hence, this study has been restricted to the case where preheating of clean and dry syngas feed to the SOFC and generation of superheated steam are performed in series, as depicted in Fig. 1 . This is followed by a direct quench of the cold gas with cooling water below its dew point, so as to allow the separation of water and tar condensables from the remaining dry syngas. After sulphur and all other contaminants removal to a trace level using the Rectisol ® process (Koss and Meyer, 2002) , the ultra-clean and high heating value syngas rich in hydrogen is fed to the SOFC. The proposed scheme also recovers effluent water, which after waste water treatment and purge of sludge, can be fed back as boiler feed water (BFW) for steam generation within the BGFC system. 4) Steam from the SOFC: A SOFC produces high temperature steam, after electrochemically oxidizing hydrogen present in the syngas, while the gasification process requires such high grade steam, over and above that present as moisture in a biomass feedstock, thus adding more to the hydrogen concentration in the syngas feed to the SOFC. Steam gasification is essential to reform gas and tar and consequently reduce the tars. The tar, rich in phenol, can be reformed catalytically in the steam gasifier. Steam is also known to reduce the concentration of other forms of oxygenates including condensable (Craig and Mann, 1996) . Thus part of the exhaust gas thus generated from the SOFC (anode) containing steam can be routed to the steam gasifier ( Fig.   1 ). This also helps gasify any unreacted fuel from the SOFC. The total exhaust gas generating from the SOFC is divided between that emitted to atmosphere (after heat recovery, discussed later) to balance the carbon across a BGFC system and as a source of steam to the steam gasifier.
5) Steam generation from the SOFC exhaust gas cooler: The amount of the exhaust from the SOFC at a high temperature, not fed back as a source of steam to the steam gasifier, can be cooled (heat extracted) to generate superheated steam (from the waste heat boiler in Fig. 1 ). The water recovered from the product gas from the steam gasifier via the effluent treatment plant can be reused to recover this heat into superheated steam. A part of this steam can be routed to the steam gasifier to fulfil the balance of its minimum steam requirement. The rest of the steam is available as an excess steam from the BGFC site under consideration (Fig. 1 ).
6) Supply of air to the SOFC and gasifier processes: Both gasification and SOFC processes require oxygen (air). Oxygen needs to be added selectively at various gasification stages, such as in the secondary zones of a pyrolysis-cracker reactor, in order to preferentially oxidize tars. Its main role is to supply heat to the steam gasifier by combusting char in the char combustor. In a perfectly energy balanced BGFC flowsheet, the heat from the char combustor must satisfy the heat requirements of the steam gasifier after the integration of the exhaust gas from the SOFC. The resulting depleted air from the SOFC cathode can thus be utilised as a source of oxygen in the char combustor. The amount of air to SOFC can be adjusted so as to maximise syngas fuel utilisation efficiency in the SOFC and consequently combust char in order to fulfil the heat requirement of the steam gasifier (Fig. 1 ).
7) Feed preheating: The air and syngas feedstocks need preheating before entering to the SOFC, so as to avoid thermal shock of the ceramic components and such that the sensible heat in them can be made available for power generation through electrochemical process from the SOFC. Either of the exhaust gases from the char combustor and / or the SOFC can be used to preheat air. From the heat integration point of view, a heat exchange between the exhaust gas from the char combustor and air is preferred, based on a closer match of the heat capacities between the two streams. The hot gas directly from the gasifier can not be fed to the SOFC at the gasifier temperature, without thorough quench with cooling water. In order to avoid this heat loss, heat from the hot and moist gas from the gasifier is recovered into preheating the clean and dry syngas product, fed to the SOFC as shown in Fig. 1 .
8) Excess steam:
An overall BGFC site can be a net generator of heat. Excess heat in the form of superheated steam can be generated utilising hot product gas from the steam gasifier in the superheater and a part of the hot exhaust gas from the SOFC in the waste heat boiler, respectively, as shown in Fig. 1 . 9) Low grade heat: The various sources of low grade heat include heat of condensation of the SOFC exhaust gas, hot water recovered via condensation of the SOFC exhaust gas and low temperature sensible heat from the exhaust gas from the char combustor. Whether the low grade heat recovery is cost-effective or not depends on the amount of low grade heat generation, which obviously is more justifiable for higher capacity BGFC sites, further illustrated in the results and discussion section.
Aspen simulation of integrated BGFC flowsheets
The process operating conditions of a BGFC site are first illustrated, in this section. The additional process operating conditions of a BGCC site are highlighted thereafter. Simulation of the integrated BGFC flowsheet, undertaken in Aspen Plus, depicted in Fig. 2 . The basis of the energy efficiency studies for the integrated BGFC system is a power generation of > 600 kW from the SOFC, based on 85% clean syngas utilisation in the SOFC. To generate 652.61 kW of electricity from the SOFC, 9.13 t/d of clean syngas feed needs to be produced from 5.44 t/d of straw slurry, the ultimate analysis of which is provided in Table 1 . The same basis for feedstock flowrates is used in simulation of the BGCC system. Tables 2-3 (Table 1b ) (Peijun et al., 2009 ). The composition of GASIN and the amounts of GASIN, TARIN and CHARIN, in Table   3 were predicted using the ultimate analysis of straws in Table 1a and correlations provided in Table 1b. TARIN has been presented as phenol as its major constituent, as revealed in numerous studies (Gerun et al., 2008; Peijun et al., 2009) , while CHARIN and ASH were modelled as non-conventional components. The compositions of GASIN, TARIN, CHARIN and ASH are thus determined to balance with the C, H, N, O, S, ash and moisture contents in a biomass (Tables 1a-b and 3 ). The Non-Random Two Liquid (NRTL) thermodynamic package was used for the properties estimation. The SOFC unit comprises of a cathode (CATHODE) and an anode (ANODE), modelled as a two component separator (Sep2) with 95% efficiency and a Gibbs reactor (RGibbs), respectively, in Table 2 . Table 1   Table 2   Table 3 A BGFC site can be a good source of heat with both the gasifier and SOFC operating at high temperatures. It has been observed that with increasing temperature and at lower pressure of the gasifier, the concentration of hydrogen in the syngas increases, hence, the heating value of the syngas increases. However, a higher temperature, >1000 o C, may cause operational difficulties and maintenance problems, while increasing pressure is associated with increased power generation from gas turbines in case of the BGFC system. SOFCs operate at elevated temperatures of around 500-1000 o C and therefore can be a good source of high grade heat (Hawkes et al., 2007) . In the case studies presented here, the gasifier and SOFC temperatures are maintained at 950 o C and 800 o C respectively ( Table 2 ). The pressure in SOFC may be varied from atmospheric to ~10 bar for 1 kW to 1 MW power generation, respectively, illustrated in the scenario analysis in the results and discussion section. (Linde Engineering, 2005) . In this case, the syngas capacity is ~390 Nm 3 /hr. The clean and dry syngas, SYN2SOFC, (and after preheating, ANODFUEL) has almost equal molar compositions of hydrogen and carbon monoxide (32.8% each), both of which are combustible in the SOFC. Based on 85% of the total enthalpy change from SYN2SOFC and O2RICH, fed to the SOFC anode, to FLU2GASI, produced from the SOFC anode, the electricity generation for the base case simulation provided in Table 3 is 652.61 kW.
Alternatively, 85% of the heat of combustion of hydrogen and carbon monoxide can also be taken into account to predict the electricity generation from the SOFC.
A key energy efficiency exercise consists of heat integration between hot-cold process streams or coolersheaters, governed by thermodynamic optimality or maximum heat recovery strategy (Smith, 2005) and identification of basic processing chains to aid with process decision making and establish mass and energy balance, as follows.
Heat integration of BGFC flowsheets
Once the temperature, pressure and stream compositions are decided for the major process units (e.g. reactors and separators), coolers and heaters are placed on the hot and cold streams respectively to achieve their respective target temperatures (Tables 2-3) . Next, the best thermodynamic matching or process to process heat integration between the coolers and heaters is obtained as follows (indicated by dotted lines joining respective cooler-heater in Fig. 2 ).
Two heat recovery strategies can be straightway adopted from conventional IGCC systems (Sadhukhan and Zhu, 2002) : syngas cooling and heat recovery from the exhaust gases, into the generation (economiser and evaporation) and superheating of steam. Additionally, the site has a major high temperature heat requirement Table 3 , following the strategy adopted in conventional IGCC processes (Sadhukhan and Zhu) . Thus, these pairs constitute the major exchangers for a high grade process to process heat recovery in a BGFC site. 
Analysis of processing chains in BGFC flowsheets
Based on the discussions above, four main processing chains in the integrated BGFC system can be identified to help in decision making, illustrated as follows ( Fig. 2 and Tables 2-3).
1) TARIN-GASIN-GASPDT-SYN2COOL-27-8-1-CLEANSYN-SYN2SOFC-ANODFUEL-FLU2GASI-EXHAUSTI-STGASIFY-17-20-15-16: Key decision makings in this processing chain involve heat recovery from the hot and unclean gas from the steam gasifier, GASPDT or SYN2COOL and preheating of SYN2SOFC, already discussed, and waste heat recovery from EXHAUSTI and recycling of STGASIFY.
From the component balance, the carbon intake through TARIN and GASIN should be released to the atmosphere via the stream 15. Hence, a split ratio of EXHAUSTI of 60.9% of FLU2GASI can be decided in B7 to maintain the carbon balance in this processing chain ( Table 2 ). The waste heat content in the EXHAUSTI can be recovered into economising, evaporating and superheating the water recovered (stream 7
in Table 3 ) from the effluent treatment unit into superheated steam generation (stream 5). The steam content in the recycle stream, STGASIFY, enhances the hydrogen concentration in the syngas, while its unreacted hydrogen and carbon monoxide can provide a better balance between the endothermic steam gasification and exothermic char combustion reactions, resulting into an overall thermally neutral gasification process operation, further illustrated in the results and discussion section.
2) WATERREC-7-PURGEH2O-5-STEAMIN2-3: The main decision making involved in this processing chain are the conditions of steam to be generated and the amount of steam to be recycled back to the STGASIFY process. It is recommended that a steam to biomass weight ratio of 0.6 is used in the gasification processes in order to ensure a good mixing and conversion (Shen et al., 2008) . The flowrate of STEAMIN2 thus decided to achieve this recommended steam to biomass ratio. With respect to BFW balance, after 10% purge of sludge waste, the BFW recovered is recycled as superheated steam, STEAMIN2 to STGASIFY and the excess superheated steam, 3, is generated from the site, which can be utilised into CHP generation. The Table   3 ).
A BGFC site also generates a considerable amount of low grade heat as highlighted in Table 4 . The low grade heat can be obtained from the cooling of the char combustor exhaust gas (CHCOMXCW) and condensation of the SOFC exhaust gas below the dew point (SOFCXCW) using cooling water, hot water / condensate recovered from the SOFC exhaust (16 from the Flash separator, B14) and the low pressure steam extracted from the steam turbine (stream 13 from STEAMTUR), respectively (Fig. 2) . The shaded areas in Table 4 highlight the energy consumption of the Rectisol ® and the Selexol ® processes. A detailed energetic analysis provided in Table 4 is further illustrated in the results and discussion section. Table 4 2.5 Aspen simulation of integrated BGCC flowsheets
The simulation framework developed for the BGCC system for the same basis (9.13 t/d of clean syngas feed or 5.44 t/d of straw slurry) is presented in Fig. 4 . The upstream processes, such as gasification (Fig. 1) , gas cooling and cleaning processes, are common to both BGFC and BGCC flowsheets (Figs. 2 and 4 respectively). Therefore, only the additional features of simulation of a BGCC system are presented here. A pressurised gasifier, e.g. 30 bar can be considered, as increased pressure is associated with increased power generation from the gas turbines in a BGCC system (Bridgwater et al., 2002; Craig and Mann, 1996) . The exhaust gas (rich in N 2 and CO 2 ) from the air driven char combustor is added to the product gas from steam gasifier in order to maximize the heat recovery into superheated steam and hence power generation. This exhaust gas can also act as an inert gas to compensate for the lost effluent from the dry feed gas to gas turbines, thereby, adjusting the heating value of the gas turbine fuel. The lower temperature of the gas feed to the gas turbines minimises the temperature rise in the gas turbine combustor, and consequently the NO x emission. A Selexol ® process of UOP, in the place of the Rectisol ® process can be used due to the requirement of less stringent syngas fuel specification to gas turbines (e.g. H 2 S in the range of 1 ppm) (Koss and Meyer, 2002) . The Selexol ® process, unlike the Rectisol ® process, is less energy intensive requiring only steam and no refrigeration. The Selexol ® process is modelled as a separator in Fig. 4 . The low pressure steam required for the Selexol ® process was established (Table 4) Table 4 and further illustrated in the results and discussion section. 
Electrochemical modelling of SOFC
This section provides the model for predicting electrical output from a SOFC. The basic working principle of a solid oxide fuel cell is presented in the following. The air is taken to the cathode of a SOFC, where oxygen ions are generated and migrate to the anode through the electrolyte. In the anode, fuel gas is oxidized releasing electrons to the external circuit and hence to the cathode and producing water. The nitrogen rich depleted air and exhaust gas are resulted from the cathode and anode of a SOFC respectively. A SOFC has high electrical as well as CHP generation efficiency.
The various chemical reaction kinetic parameters obtained from the Aspen simulation, as presented in Table   5 , are used in electrochemical modelling of the SOFC to predict its output power generation. The main feed and product streams to the SOFC cathode and anode are 19, N2CHARCT and ANODFUEL and FLU2GASI, respectively, as depicted in Fig. 2 . The data that need to be collated from the Aspen simulation results in Table 3 for predicting electrochemical output of the SOFC unit include compositions, flowrates and molar enthalpy and entropy of these feed and product streams. Previous studies have neglected the impact of the presence of the reacting species e.g. carbon monoxide, methane in syngas, other than hydrogen on the power output (Janardhanan and Deutschmann, 2007) . We have taken account of all the reacting species (carbon monoxide and methane) and non-reacting species (carbon dioxide, steam, and traces of all other components)
to replace the partial pressures of hydrogen and steam, 
Table 5
Power output and efficiency of the fuel cell (Zhao et al., 2008) : activation energies for the anode and cathode, respectively. Using Eqs 1-4 and parameters provided in Table   5 , the current density cross the fuel cell, iA, predicted is 371.72 Amp, based on 85% efficiency of the SOFC (Eq. 2). Table 4 presents energetic analysis of the base case of the integrated BGFC site in Fig. 2 and Tables 2-3 and the BGCC site under consideration (Fig. 4) , respectively. The net power generation, 601.89 kW and 295.60 kW, are calculated from the power generation from the SOFC (652.61 kW) and gas turbines (192 kW) and steam turbines (9.43 kW and 234.66 kW), subtracting by the power consumption by compressors (58.05 kW and 131.06 kW) and other processes, (e.g. the Rectisol ® process requires a shaft power of 0.75 kW, and refrigeration duty of 1.35 kW in the BGFC system), for the BGFC and BGCC systems, respectively (Table 4 ).
Results and discussions
The electrical efficiency of 64.41% of the BGFC system however does not include the power generation from the steam turbines, and this energy is made available as excess steam from the system. The BGCC system achieves an energy efficiency of 32.14%. The efficiencies are based on the biomass LHV calculated from consumption, 3.33 kW from the BGFC and 0.75 kW from the BGCC systems. Condensation of the SOFC exhaust gas emitted to atmosphere is considered to recover hot water from the gas at 50 o C, hence, both the heat of condensation of the gas (31.18 kW) and the enthalpy in the hot water recovered on the basis of 25 o C (1.29 kW) are taken into account. In all cases, 25 o C and atmospheric pressure are assumed as the basis for the calculation of enthalpies in the Aspen simulation. It can be noted that the hot water generated from a SOFC is in a very pure form and can be utilised in heat applications without any purification. The CHP generation efficiency of the BGFC case is significantly higher, even without any consideration of heat recovery from the SOFC exhaust gas emitted (79.63%). Hence, an integrated BGFC system can provide twice as much power, compared to an integrated BGCC system.
The end-of-pipe emission performance of a BGFC plant is far superior to a BGCC plant, with the former incurs less than 0.1 ppm by volume emissions of individual components: H 2 S, COS, HCN, NH 3 , nickel and iron carbonyls, mercaptans, naphthalene, organic sulphides, etc., compared to less than 1 ppm by volume of individual emissions from the latter case. This is due to the difference in performance between the Rectisol ® and the Selexol ® processes.
Next, the key decision making involved in the four main processing chains indentified in the integrated BGFC system in Fig. 2 is discussed as follows. The performance of the proposed integrated BGFC flowsheet is evaluated for a range of power ratings and the design tradeoffs are analysed. cracking, reforming). Hence, a conservative approach to fuel utilisation in the SOFC has been considered to ensure the desired thermally neutral performance of the overall gasification process. With tar defined as benzene, 3% more molar concentrations of each of hydrogen and carbon monoxide in the syngas feed to the SOFC (ANODFUEL in Table 3 ) are obtained, providing a higher heating value of the inlet feed and hence power generation from the SOFC. This is compensated by the requirement of a higher endothermic heat of steam gasification reaction. Thus, 85% utilisation of the syngas fuel to the SOFC is a safe assumption, providing enough marginal heat for facilitating the steam gasification reactions of tar, irrespective of how it is specified.
1) TARIN-GASIN-GASPDT-SYN2COOL-27-8-1-CLEANSYN-SYN2SOFC-ANODFUEL-FLU2GASI-EXHAUSTI-STGASIFY-
2) WATERREC-7-PURGEH2O-5-STEAMIN2-3: For the given conditions of superheated steam generation at 320 o C temperature and 5 bar pressure from WATERCOL, the following BFW balance is determined after 10% purge of the sludge (Table 3) One extreme case can also be considered, where there is no excess steam generation through the processing chain WATERREC-7-PURGEH2O-5-STEAMIN2-3. The amount of steam supply, STEAMIN2, to the STGASIFY unit is thus increased from 1.994 t/d (Table 2 ) to 2.58 t/d for the given purge ratio of 10% from the waste water treatment unit. This increases the flowrate of EXHAUSTI to 74% of FLU2GASI, compared to 60.9% in the base case in Table 2 , while keeping the same steam to biomass weight ratio at 0.6. The increased heat availability (100 kW) from WATERHOT can be utilised into an enhanced superheating steam condition to 500 o C from WATERCOL. The overall effect is an increase in hydrogen concentration in ANODFUEL to the SOFC, 41% compared to 33% in Table 3 , and hence, increased power generation to 666 kW from the SOFC (based on 85% fuel utilisation efficiency). A comparison of stream variables and enthalpy balance between the base case in Tables 2-4 and the case with maximum recycling of steam recovered from gas cooling, to gasification is presented in Table 6 . The values of the independent variables, flowrates of streams 3, STEAMIN2 and EXHAUSTI (Fig. 2) , are shown in shaded areas in Table 6 .
Table 6
The overall heat balance around the gasification unit shows the following new set of endothermic heat of steam gasification reactions, exothermic heat of char combustion reactions and heat generation from 15% unutilised syngas fuel from the SOFC, 57.64 kW, 35.5 kW and 118.45 kW, respectively. With the modified conditions in Table 6 , a lesser amount of excess steam, 18, of 79.5 kW from B3 is generated. This is compensated by an increased availability of 17.58 kW of waste heat recovery from the SOFC emission route, . The difference in the net energy generation from the site is 5.47 kW more using the new set of operating conditions given in Table 6 . This amount of heat is then no longer available from the overall exothermic performance of the gasifier, making its design less conservative, compared to the base case.
3) AIR2CATH-2-19-O2RICH-N2CHARCT-CHARPDT-EXHAUST-11: The air compressor consumes 58.05 kW based on 75% isentropic efficiency in both the cases illustrated in Table 6 . The low grade heat available from the char combustor waste heat recovery unit, CHCOMXCW, remains the same at 47.48 kW, for the same basis of the biomass feedstock (Table 4) (Tables 3 and 6 ).
In addition to the analysis of the processing chains in the integrated BGFC system in Fig. 2 , a comprehensive energetic performance for two different ratings of electricity generation from the SOFC, ~100 and 1000 kW, 100.41 kW and 996.68 kW from the simulation cases, respectively, is also presented in Table 7 . For these electricity ratings, the corresponding SOFC operating pressures are 2 and 7 bar, respectively. Hence, the overall system pressure is also set at these pressures, respectively. The intake of biomass and air to the BGFC system was proportionally reduced by 0.154 times and enhanced by 1.53 times in order to achieve 100.41 kW and 996.68 kW of SOFC electrical outputs from 652.61 kW, respectively. The amounts in kg/s of TARIN, GASIN, CHARIN and ASH predicted using correlations provided in 
Table 7
The net electrical output from a BGFC system depicted in Figs. 1-2 is the electricity generation from the SOFC, subtracting by the electricity consumption by the air compressor and the Rectisol ® process (Table 7) .
The corresponding LHV of the feedstock was taken into account to predict the net electrical efficiency of the system, which was found to increase with the decrease in the SOFC electrical output. For example, as the SOFC electrical output increases from 100.41 kW through 652.61 kW (Table 4) to 996.68 kW, the electrical efficiency decreases from 68.46% through 64.41% to 62.61%, respectively. The net electricity outputs are 96.87 kW, 592.46 kW and 881.04 kW, respectively. The decrease in the net electrical efficiency with increasing electrical output is due to much increased electricity consumption for increased load by the air compressor. As the air compression ratio increases from 2 to 5 and 7 bar, the electricity consumption increases by 18 times (from 3.22 kW to 58.05 kW, Tables 7 and 4) and 35.5 times (from 3.22 kW to 114.27 kW, Tables 7 and 4), respectively.
In contrary, the benefits due to heat generation are predominant for the higher net electrical output, resulting into 84.78% and 79.96% CHP generation efficiency for 996.68 kW and 100.41 kW of SOFC electrical outputs, respectively. This is because the low grade waste heat from the exhaust of the char combustor (cooler CHCOMXCW) and the SOFC (B11-B14-16 in Fig. 2 ) may not be cost-effective to recover when their heat available is insignificant, 2.1 and 5.4 respectively, and hence is neglected, for the lower electrical output 100.41 kW case (Table 7 ). The corresponding low grade heat recoveries are 47.48 kW and 7.27 kW for 652.61 kW, and 96.5 kW and 53.53 kW for 996.68 kW SOFC electrical outputs, respectively. With the inclusion of this low grade heat, the net CHP generation efficiency for the case with SOFC electrical output of 100.41 kW can go up to 85.25%. In addition, heat duties of the three major exchangers: air preheater (AIRHOT-AIRCOLD), steam economiser-evaporator-superheater (WATERHOT-WATERCOL) and the syngas pre-heater to the SOFC (SYNGCOOL-FUELHEAT) in the integrated BGFC system demonstrate an equivalent increase in the process to process heat recovery, from 62.25 kW to 545 kW, with the increase in SOFC electrical output, from 100.41 kW to 996.68 kW, respectively. The minimum temperature approach in the air pre-heater is lower at 20 o C in the case with lower electrical output.
Conclusions
This paper establishes a process simulation and integration based methodology for the integrated design of biomass gasification fuel cell systems and for energetic the comparison of these systems with biomass gasification combined cycle systems. Extensive integration strategies between biomass gasification and fuel cells have been established based on maximum heat recovery including waste heat, material utilisation and power generation objectives. These include integration of syngas from the gasifier to the SOFC, exhaust gas (rich in steam and with unreacted fuel gases, hydrogen and carbon monoxide) and depleted air from the SOFC to the steam gasifier and various other indirect (gas coolers, SOFC and char combustor exhaust gas coolers and SOFC feed gas preheaters) and direct heat recoveries (e.g. heat of condensation of the SOFC exhaust gas emitted to the atmosphere). With this respect, the BGFC system was identified to have four major processing chains, material and heat balance around which helps with the following decision making: 1) flowrate of the SOFC exhaust gas to be recycled as a source of steam to the steam gasifier and that emitted to the atmosphere;
2) indirect heat recovery from the SOFC exhaust gas emitted, into the generation of superheated steam for meeting the balance of the steam required by the gasifier and establishing excess steam generation; 3) heat and material integration between SOFC and char combustor via air; 4) excess steam generation by indirect high temperature heat recovery from the hot gas. A base case BGFC site is established for 650 kW of power generation from the SOFC. This case is further evaluated for an extreme scenario, where all steam generating using BFW recovered from gas condensation and by indirect heat recovery from the SOFC exhaust gas emitted to the atmosphere, are used in the steam gasifier. Furthermore, the proposed BGFC system is evaluated for ~ 100 kW and ~ 1000 kW of power generations, which have been found to strongly influence the power and CHP generation efficiencies of the site in two opposing ways. The integrated BGFC system is established to have twice as much power generation potential than an integrated BGCC system. Table 1a . Ultimate analysis in wt% of straw (Shen et al., 2008) Table 1b . Composition of biomass (gas, tar and char) after primary pyrolysis or devolatilisation (Peijun et al., 2009) Table 5 . Parameters used in the SOFC electrochemical model Table 6 . A comparison of stream variables and enthalpy balance between the base case in Tables 2-4 and the case with maximum recycling of steam recovered from gas cooling, to gasification Table 7 . Comparison of energetic performances between straw based BGFC system for different power generations, ~ 100-1000 kW (Fig. 2 ) Table 1a . Ultimate analysis in wt% of straw (Shen et al., 2008) Table 3 . Detailed Aspen simulation results of streams in the BGFC system (Fig. 2) 9061842 19.00973 -2.747329 -9.295856 -286.138012 -286.13801 -286.138 -232.207 -232.20705 -232.207 -285.6835 -232.2799 -232.2654 -237.0895 -285.6835 -282 *From Aspen simulation results in Table 3 8.314
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